In this study, the process of explosive welding of Mg/Al plate is represented, and the interfacial behavior of two metals is researched. The objective of this work is to investigate the factors that affect the quality of explosive bonding and the distribution of physical parameters on the collision. A finite difference engineering package with smoothed particle hydrodynamics method is used to model the oblique impact of a thin flyer plate (Al) on a relatively thick base plate (Mg). Wavy interface and jetting phenomenon, which existed in the experiment, are well reproduced in the simulation. The contours of pressure, shear stress, velocity, and effective plastic strain of magnesium and aluminum are also distinctly described. The bonding turns out to be a possible solid-state welding process. The effective plastic strain exceeds a minimum value, and the shear stress is just the opposite sign in this simulation where available bonding occurred. Wave formation appears to be the result of variation in the velocity distribution on the interface and periodic disturbances of magnesium and aluminum. A transition from straight to wave occurs along the interface. High values of plastic strain of two metals are predicted on the interface.
Introduction
Magnesium alloys, one of the lightest structural metals with a density one-third lighter than that of aluminum alloys, have been researched extensively for industrial applications during the past decades [1] . However, the poor corrosion resistance of magnesium limits its application in industry. Aluminum alloys, which offer high strength-to-weight ratio, good formability, and good corrosion resistance, are widely used in the aerospace and automobile industries [2] . Composite laminates of magnesium alloys and aluminum alloys, which take advantage of their high specific strength and overcome disadvantages of magnesium alloys, would be promising structural materials. Therefore, the technology for joining aluminum alloys to magnesium alloys is required for manufacturing new structural materials. Recently, macroscopic composites and/or multilayer laminates of aluminum and magnesium alloys have received much attention [3] [4] [5] [6] [7] [8] [9] . This composite laminate may own a good combination of the properties of aluminum and magnesium alloys.
By traditional techniques, brittle intermetallics are easy to generate on the bonding interface of magnesium alloys and aluminum alloys, which greatly reduce plasticity [10] [11] [12] . The aim of this study is to produce a composite plate via cladding aluminum alloys plate to magnesium alloys plate by explosive welding. High energy rate welding methods are capable of producing good-quality and large-area bonding bi-metal plates, including plates with grossly different mechanical properties [13] . As a main method, explosive welding has been developed and widely applied in industry production for decades. As one of the joining technologies, explosive welding has a number of benefits in comparison with other conventional welding techniques. The primary advantage is its capability to fabricate layered target with a high-quality metallurgical bonding between similar or dissimilar metal plates [14] [15] [16] [17] [18] [19] , such as steel-steel plates [14, 15] , titanium-stainless steel clad plates [16] , titanium-aluminum clad plates [17] , copper-stainless steel clad plates [18] , or other multi-layer materials. Another advantage is higher bonding strength than the flyer plate or the base plate. In addition, it allows the fabrication of large-scale composite plates. In the process of welding, some complicated physical phenomena, such as explosion, highspeed collision, plastic deformation of metal plates, interaction of different materials, moving interface or free surface, and high-temperature and high-pressure states, occur in very short duration due to detonation effect of the explosive [20] . Furthermore, the process is capable of joining with high surface areas due to its ability to distribute the high energy density through explosion [21] . A schematic illustration of explosive welding is shown in Figure 1 . The flyer plate impacts on the base plate after explosion. The metal plates are made to collide obliquely with each other at high velocity after the detonation of the explosive charge with rate V d . The flyer plate collides to the base plate with rate V p under the impetus of the detonation wave. During the high-speed impact of metal plates, a high-speed jet is produced between the metal plates. The appropriate impact angle β and impact velocity V p are required for well-bonding. Collision point S moves forward with rate V cp governing the time available for bonding. The high pressure during the collision process also leads to considerable local plastic deformation of the metals in the bonding zone. The process of the explosive welding is finished in an instant, as the release of explosive energy and the interaction of metal system are completed in microseconds.
Therefore, explosively driven impact welding is a true example of multidisciplinary research, as the phenomena associated with it fall under the various branches of engineering science. As a multidisciplinary research field, the mechanism of explosive welding has been explored by many investigators in the past several years. Some varieties of research work about the welding interface [14] , bond strength [22] , welding window theory [19] , joint mechanism [23] , and numerical simulation of welding process [24] have been investigated. With regard to the numerical simulation, FEM has been applied to simulate the explosive welding in recent works. EI-Sobky and Blazynski studied the explosive welding process using a liquid analogue, which is based on the similarity between hydrodynamic fluid behavior and material deformation in explosive welding. Lazari and Al-Hassani analyzed the transient response of metal plates under explosive loading. Oberg et al. simulated the process employing Lagrangian finite difference code method but only obtained jetting. In Akihisa's [24] paper, wavy interface was formed, but there was not any jetting reproduced. Akbari Mousavi et al. studied the process using Euler processor. The materials at the collision point were considered to behave like a liquid. The straight or wavy interface and jetting phenomena were modeled, and the velocity of jet was also predicted. Euler computation can be applicable to plate impact, but historical process is difficult to be understood [25] . Akbari Mousavi and Burley [26] also simulated the explosive welding of titanium and steel plates using the model of low detonation velocity explosives and analyzed two criteria that form the basis of a welding window including shear stress and plastic strain. However, their simulations did not model the whole adhesion process of two surfaces. Akbari Mousavi and Al-Hassani [27] used ABAQUS with Arbitrary Eulerian Lagrangian formulation to model the process of explosively driven plate. But only the last contacting layers were shown in the ABAQUS figures. In addition, the wave interface is not obvious. Tanaka [28] simulated the explosion and gained well wave structure and jetting using smoothed particle hydrodynamics (SPH) method. SPH is a gridless Lagrangian hydrodynamics using particles. Unlike conventional Lagrangian techniques, SPH avoids mesh tangling and is therefore much more robust in its treatment of problems with large material distortions [29] . Therefore, in this work, SPH method is applied to study the interfacial behavior of the explosion welding of Mg/Al plates.
Zhang and Wang [30] and Yan et al. [2] have successfully obtained Mg/Al alloy plates with good bonding by explosive welding. However, only the microstructure and mechanical characteristics of Mg/Al alloys composite plate were investigated by experiments. Few studied the explosive welding process of Mg/Al alloys plate by simulation and researched its interfacial deformation behavior. Therefore, in this paper, the main aims are to numerically simulate the impact process of Mg/Al alloys plates; to research the distribution of physical parameters such as contact pressure, velocity effective plastic strain, and shear stress on the interface; and to explore further its interfacial behavior.
Simulation of impact welding

Equation of state model and strength model
The Shock EOS is widely used in materials with large deformation. In this study, a Mie-Gruneisen EOS is chosen to be the equation of state of the materials. This equation describes the basic relationship between particle velocity and shock velocity. The form of the equation is as follows:
where
and
where Γ 0 is the Gruneisen coefficient, u = (ρ/ρ 0 )-1, ρ, is the current density, ρ 0 is the initial density, and c 0 is the bulk sound speed [31] .
The Von Mises strength model is chosen in the process of modeling. This strength model takes into account the shear modulus and yield stress of materials. This model does not include any strain hardening parameters. The yield criterion is dependent on the classic Von Mises equation:
where σ 1 , σ 2 , and σ 3 are the principal stress and Y represents yield stress [32] . In this paper, the physical parameters of the EOS of materials [33] and strength model of materials are given in Table 1 .
Simulation of impact welding
Numerical simulations of the impact welding process described above are carried out using ANSYS/AUTODYN-2D
(Century Dynamics). The simulation models the impact of an aluminum alloy flyer plate to a magnesium alloy base plate during the explosion process. Base plate is 2 mm in thickness and 10 mm in length. Flyer plate is 0.4 mm in thickness and 10 mm in length. The ratio of thickness is 1:5, which is also used in the experiment. According to the following equations, which are the lower limit for bonding proposed by Blosinski [34] and the upper limit for welding proposed by Crossland and Wittman [35, 36] :
where V p is the collision velocity, V c is the flyer plate velocity, β is the collision angle, k 4 depends on the explosive and material of flyer plate, t is the thickness of flyer plate, and the effects of the thickness of flyer plate on the results can be viewed as that of flyer plate velocity. The flyer plate velocity V c is set to a constant value in this simulation. The model simplifies the process of detonation and presents the moment of collision between the flyer plate and base plate. In this paper, only one set of flyer plate velocity is given to study the interfacial behavior of Mg alloys and Al alloys plate. The effects of flyer plate velocity on the interface morphology and behavior need to be further researched. The SPH processor is used, which is a Lagrangian technique with the potential to be both efficient and accurate at modeling material deformation and to be flexible in terms of the inclusion of specific material models [37] . In addition, SPH is a gridless technique so that it does not suffer from the normal problems of grid tangling in large deformation problems. The particle size plays an important role on the computational timing point of view and stability. In modeling impact and explosive welding, the particle size is crucial in visualizing the interface topography and jetting. In this study, the particle size Δr is 20 μm. Therefore, the flyer and base plates are modeled using nearly 60,000 particles. The initial velocity is given as the initial condition. For the flyer plate, the initial velocity 1000 m/s is applied in this work, and it is set to zero for the base plate. In order to ensure that the stress wave can reflect back in free surface rather than in other boundaries, the free boundary is designed to be in accord with the physical conditions. And the initial impact angle between flyer and base plate is set to 20°. In order to ensure the precision and consistency of the solution, time steps for the analysis are automatically computed. It is reasonable to calculate some physical parameters such as pressure, velocity, shear stress, and effective plastic strain for each particle at the end of every time step. The contour or history curve of abovementioned parameters will generate as required in the postprocessor.
Weld interfaces
Experimental results
In the experiment, the dimensions of AZ31B and 6061Al plates are 255 mm × 600 mm × 20 mm as base plate and 300 mm × 650 mm × 4 mm as flyer plate, respectively. The detonation is a "slower" powder mix of ammonium nitrate and diesel fuel oil (ANFO) with the explosive velocity of 2500-3000 m/s, and the ANFO was made by Consolidated Mining and Smelting Co. The explosive charge is uniformly placed on the surface of the flyer plate with a detonator at its edge. The thickness of the ANFO explosive layer is about 30 mm. The device for the preparation for explosive welding is shown in Figure 2 .
In general, the interface shape fell roughly into three kinds of waveform, including straight, wavelet, and wave with some vortex shedding. Photographs of the different interfaces observed in samples taken from explosive welding are shown in Figure 3 . During the explosion, vortex appears on the interface. A larger view of vortex is illustrated in Figure 3 . It means that there is a good mechanical interlocking on the interface between aluminum and magnesium alloy.
Numerical simulation results
The distributions of some physical parameters such as contact pressure, velocity effective plastic strain, and shear stress of plates around the contact area are depicted for material combination. Figures 4-8 show that material location, pressure, velocity, effective plastic strain, and shear stress contour appear at a moment in the simulation. In order to observe the process more clearly, the partial enlargement of collision point is in the upper right corner of these pictures, respectively. The wavy interface, which was seen in the experiment (Figure 2 ), reappeared. There is a transition from a smooth interface to a wavy one along the direction of the collision (Figure 4) . The simulation analysis predicts a wavy interface, and the amplitude and wavelength are similar to the results of the experiment. Jetting is also reproduced in the simulation (Figures 4-8) . It is obvious that the jetting comes from both flyer plate and base plate, and the contribution of base plate to the jetting is more than that of flyer plate.
The distribution of the pressure is relatively uniform except the area near the collision point in Figure 5 . High pressure occurs at the collision point. The velocity of collision point is also the highest in Figure 6 . The effective plastic strain and stress profiles are described in Figure 7 and Figure 8 , respectively. In order to further observe the process, two face-to-face points are taken at the edge of lower surface of flyer plate and upper surface of base plate, respectively. The curve of pressure and effective plastic strain of the two points are shown in Figures 9  and 10 , respectively.
Discussion
Jet formation
One of the most important conditions to achieve explosive welding is the formation of jetting at the collision point [38] . To achieve the metallurgical bonding of two metals, the distance between two surfaces has to be small enough to reach the range of the inter-atomic attractive forces (10 -1 μm magnitude). Only at the equilibrium of the atomic spacing are the attraction and repulsion between two atoms in balance. That is to say, the interactive energy between atoms reaches its minimum value. The jetting between the two plates clears surfaces of two metals and makes clean and fresh surfaces. Hence, atoms between interfaces can achieve a good bonding. In general, jetting will occur at any oblique angle if the velocity at the collision point goes to subsonic. However, only the pressure of collision is nine times higher than the static strength of material. The materials near the collision point can enter the flow state and form jetting. Only when the impact load exceeds the dynamic strength may jetting occur. The formation of jetting in the simulation of the aluminum flyer impacting magnesium base plate is shown in Figure 4 . Most parts of jetting originate from base plate and move towards aluminum plate or magnesium plate through observation of the whole simulation. The reason is that the density of magnesium is less than that of aluminum. It can be found that a low-density material is more prone to produce jetting. According to the standard equation (Crossland, 1982) , ν j = [ν p /sin β](1+cos β) [38] , where ν j is the velocity of jetting, the predicted value of velocity of jetting obtained from the simulation is 13%-18% lower than the theoretical value using the above equation. The maximum velocity of the jetting by simulation and the equation are about 4900 m/s ( Figure 6 ) and 5671 m/s, respectively. It is different from the result concluded by Akbari Mousavi and Al-Hassani [27, 38] . The difference is associated with the properties of connecting materials. Materials with lower density may obtain larger jetting velocity according to the principle of conservation of energy. Besides, the velocity of jetting may depend on the particle size. Smaller particle size may produce higher velocity of jetting. Figure 5 shows the pressure contour of two plates at a moment in the simulation. It can be found that the distribution values of pressure around collision point are higher than that somewhere else. It is consistent with the theory that higher pressure at the collision point makes the material to be at plastic state and to form jetting. Figure 9 depicts the pressure graph of two face-to-face points on the interface. Gauges 5 and 15 are at the upper surface of base plate and the lower surface of flyer plate, respectively. The peak value of gauge 5 is higher than that of gauge 15. The pressure value on the magnesium base plate can reach 8 GPa, and the value on the aluminum flyer plate is relatively low, which reaches only 2.5 GPa; these are much higher than the yield strength of both alloys, which are 0.19 GPa for magnesium and 0.12 GPa for aluminum. Therefore, different materials have different maximum pressure values in different simulation conditions [27, 38] . It may be seen that the deformation of magnesium is larger than that of aluminum. This may be another reason why most parts of jetting come from magnesium. Once the collision occurs, the pressure increases rapidly. However, the pressure profiles present an irregular fluctuation during the collision. Figure 6 shows the velocity contour of two plates at some moment in the simulation process. It is found that the highest velocity is at the collision point. The velocity at the collision point is about 4906 m/s, which is higher than that predicted by Akbari Mousavi and Al-Hassani [27] . This is due to the difference of collision angle and flyer plate velocity in simulations. Larger collision angle and flyer plate velocity can offer higher potential energy and kinetic energy, just like increasing the explosive quantity. Unlike the actual explosion, in this simulation, the flyer plate can instantly obtain the highest velocity rather than reach the maximum under the detonation loading.
Pressure distribution
Velocity distribution
High impact velocity leads to high impact pressure and high shear stress on the interface, and high pressure, which far exceeds the elastic limit of material, creates larger plastic deformation. The variation of the velocity profile and material deformation may drive the formation of wavy interface with gradually increasing amplitude. The production of jetting probably relates to the periodic disturbance of velocity.
Effective plastic strain and shear stress distribution
In theory, high impact velocity and collision angle will lead to large plastic deformation, which in turn generates a large value of plastic strain and high shear stress on the interface. Figure 7 shows a narrow band of effective plastic strain around the contact area. And at the collision point, the shear strain reaches to maximum value of 11. In other words, the maximum value occurs at the point with the highest velocity. A severe plastically deformed zone also occurs at the collision point. The change of plastic strain during the collision can be intuitively observed, which presents the morphology similar with the change of interface waves. It was this changed trend that prompted the formation of wave. Figure 10 depicts the effective plastic strain of two face-to-face points on the interface. The highest effective plastic strain is nearly 4.0 for magnesium and higher than the value of nearly 1.1 for aluminum, which is in agreement with the plot of pressure of the two points. The higher pressure produces larger deformation and makes larger plastic strain. Figure 8 shows the distribution of shear stress of two plates. Both sides of the interface suffer the normal shear stress and negative shear stress, and their distributions are not uniform. The distribution of negative shear stress on the flyer is more than that on the base plate, while distribution of the normal shear stress is opposite. Similar results are achieved in simulations with explosive welding [25] [26] [27] . However, there are some differences on the threshold value of shear stress due to material property. Interface has a good bonding when the predicted shear stress is 0.1097 GPa for magnesium alloys and 0.1096 GPa aluminum alloys. The absolute value of shear stress on the base plate is larger than that on the flyer plate. It may prompt the loss of base plate. This agrees with the phenomenon that jetting mostly derives from the base plate. In general, the result of the formation of wavy interface may be the alternation between the normal and negative shear stress along the interface.
Straight to wavy interface
The simulation indicates that the size of wave along the interface is not uniform (Figure 4 ). It can be observed that the shallower waves appear at the early parts of the interface, while deeper waves appear in the end. There is a transition from straight to wave along the interface. The waves occur on the interface with higher plastic strain and shear stress. Akbari Mousavi and Burley [26] concluded that there might be a minimum effective strain for bonding and for the transition from a straight to a wavy interface. But they did not give exact values for different materials fabricated by explosive welding. Figure 7 shows a transition from straight to wave when the plastic strain is more than 5.8. It can be inferred that higher impact velocity accompanied by larger plastic deformation can make an earlier transition. Only when the plastic strain exceeds the threshold value of metals under different impact velocity does this transition occur. The amplitude increases as the shear stress increases, and vortex forms in the simulation (Figure 4 ). This simulation indicates that surface wave is produced ahead of the collision point. However, the effects of the disturbance on the size of wave after collision and the association between the jetting and the formation of wave are still not clear. These should be taken into account in a later study.
Conclusions
In this study, the ANSYS/AUTODYN-2D model of the impact/explosive welding makes it possible to understand more intuitively the main features of the collision. The wavy interface is reproduced, and the jetting in the collision, which mostly originates from the base plate, is also reproduced. The results of the simulation predict the velocity of jetting, which is similarly in agreement with the theoretical values and results of experiment.
The main physical parameters such as pressure, velocity, effective plastic strain, and shear stress are analyzed. The velocity and pressure at the collision point are highest on the whole plates. The simulation indicates that shear stress and effective plastic strain play an important role on the bonding of two metals and the formation of wavy interface. A transition from straight to wave occurs when plastic strain exceeds a minimum value. The alternation between the normal and negative shear stress along the interface creates the waves, and the amplitude and wavelength of waves are also related with the value of shear stress.
High impact velocity and collision angle can make a large plastic deformation, which in turn generates a large value of plastic strain and high shear stress on the interface. The plastic strain of magnesium is higher than that of aluminum in the simulation. This may be the result of larger deformation of base plate than flyer plate.
In this study, the simulation indicates that surface wave is produced ahead of the collision point. Due to the choice of Von Mises strength model, we were unable to describe the distribution of temperature on impact areas. Further exploring for improvement and supplement about the formation mechanism of wave interface will be needed.
